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With growing urbanization cities become hotspots for nutrients. Food items are imported, 
and food residues, including excreta and not-eaten food, are often exported to landfill 
sites and water bodies. However, urban sanitation systems can be designed to achieve 
a high degree of nutrient recovery and food security while counteracting current nutrient 
resources depletion, environmental degradation, and wasteful energy use. This article 
illustrates how an extended solid waste hierarchy also including human excreta and 
wastewater can guide actions to save and recover phosphorus (P) by the three sectors: 
food industry, households, and waste utilities. P use in diets and agricultural production 
is not part of the analysis, despite the potential to save P. Novel systems thinking and 
material flow analysis show that waste prevention can replace over 40% of mined P 
presently used for making fertilizers. Reuse and recycling of P in excreta and food waste 
can replace another 15–30%, depending on P efficiency from mine to plate. Keeping 
excreta separated from other wastewater facilitates such measure. Incineration and land 
filling are deemed the least appropriate measures since mainly P is recovered in the 
ashes. The European Union (EU) waste management policy is analyzed for real barriers 
and opportunities for this approach. The EU Parliament policy guidelines were watered 
down in the EU Commission’s Directives, and today most biowastes are still being 
landfilled or incinerated instead of recovered. An anticipated overcapacity of incineration 
plants in Europe threatens to attract all combustible materials and therefore, irrevocably, 
reduce nutrient recovery. On the other hand, reduced generation and enhanced recovery 
can delay exhaustion of P resources by several centuries and simultaneously reduce 
environmental degradation.

Keywords: biowaste, european Union waste hierarchy, food security, human excreta, nutrient reuse/recycling, 
phosphorus, urban sanitation

introdUCtion

This article addresses the urban challenge to recover nutrients contained in organic solid and liquid 
waste (including human excreta) for agricultural use. The focus is on developing measures based 
on an “extended waste hierarchy” and life cycle thinking to improve the existing management of 
nutrient-rich waste in order to close the loop between urban food consumption and rural food 
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production. Estimates are made of the potential to replace a sub-
stantial part of the mined phosphate rock in fertilizers and thus 
secure future supply of phosphorus (P). The European Union 
(EU) policy on waste management is used as a case to indicate 
barriers and opportunities. The framework can assist stakehold-
ers to formulate policies and strategies to implement and assess 
resource-effective and ecologically sustainable nutrient manage-
ment systems.

The production and consumption of food have fundamentally 
changed during the last century and so has the handling of food-
related wastes in its widest sense. A century ago, a majority of 
the population was engaged in food production (Krausmann 
et  al., 2008). Today, less than 5% of the population in high-
income countries produces food for the other 95%. Furthermore, 
urbanization and life style changes have increased the geographi-
cal and psychological distance between food production in rural 
areas and food consumption in urban areas. This trend has been 
reinforced by global trading of food commodities. Today, the 
food we consume may have been produced far away, possibly 
in another country. As a result of these disconnections, urban 
food waste and human excreta, which were traditionally returned 
to food production, are now largely landfilled or contribute to 
eutrophication of water bodies (Senthilkumar et al., 2012) while 
imported food, animal feed, and mineral fertilizers compensate 
for reduced locally available nutrients.

With a global population approaching 10 billion, we need 
for the first time in history to consider the global availability of 
resources. Rockström et  al. (2009) introduced the concept of 
planetary resource boundaries providing a novel synthesis of the 
most pertinent global environmental challenges by analyzing the 
risk of crossing critical “tipping points” of the Earth system’s pro-
cesses. They identified nine boundaries: climate change, atmos-
pheric aerosol loading, ocean acidification, chemical pollution, 
stratospheric ozone depletion, nitrogen and P cycles, biodiversity 
loss, global freshwater use, and land use change. On a global scale, 
three resource boundaries have already been crossed (biodiversity 
loss, nitrogen cycle, and P cycle). Quantitative measures for three 
other boundaries are in the process of being developed (Steffen 
et al., 2015). The design and management of the urban sanita-
tion sector impact most of the nine boundaries, not least those 
related to nutrient cycles and water resources. Various measures 
are available for key stakeholder groups to keep the sanitation 
system within a “safe operating space” for nutrients.

In coming decades, the availability of nutrients, not least P, 
will be crucial for food security (Cordell et  al., 2009a,b). Over 
the last two decades or so, food production in many OECD 
countries has partly relied on P accumulated in the soil from 
earlier overdosage. In addition, European livestock in countries 
with high livestock densities (e.g., Netherland, Malta, Belgium, 
Cyprus, and Denmark) continue to be fed by feed imported from 
the South, while the manure remains in Europe, resulting in an 
indirect import of nutrients (Senthilkumar et al., 2012; Eurostat, 
2017). This has, temporarily, resulted in a reduced demand 
for P fertilizers in the North—e.g., the use levels in 2015 were 
below 50% of the amount spread per hectare in 2006 in Belgium, 
Croatia, Italy, and Netherlands—which in turn has helped to 
keep mineral fertilizer prices from escalating (Eurostat, 2017). 

However, the use of commercial P fertilizers is already increasing 
in some European countries, e.g., Bulgaria, Latvia, and Lithuania, 
thus pushing the price of fertilizers and food. The phosphate rock 
price tripled between 2007 and 2010, but has been rather stable 
since then (World Bank, 2017). Therefore, poor countries cannot 
access mineral P at as affordable cost as was the case during the 
temporary slump in demand from the North. Sub-Saharan Africa 
cannot sustain good yields by using only 16.9 kg (11 + 4.9 + 1.5 of 
NPK) of fertilizers per hectare as it did in 2009 (FAO, 2013). The 
global average is 109.9 kg/ha (69.3 + 25.8 + 14.8 of NPK). It seems 
opportune to restructure the entire management of nutrient-rich 
solid and liquid wastes from urban areas to ensure a sustainable 
supply of nutrients for future global food security.

Global estimates show that, for example, only one fifth of 
the total 17.5 Mt input of P in mineral fertilizers end up in food 
consumed by humans and next leaves the human body in urine 
and feces (Cordell et al., 2009a,b). This indicates substantial losses 
of P in all steps from the mine to the plate (Schröder et al., 2010). 
Furthermore, through a redress of present sanitation systems, 
the more than 3 Mt of P annually excreted by humans could be 
recovered and used as input for food production. Such changes 
would open up for a win–win situation with reduced pollution 
of the environment and replacement of otherwise mined P and 
energy-demanding mineral nitrogen.

Not only have cities moved away from short-loop recovery 
of material in the previous century to linear flows, but the com-
position and volume of waste have also overpowered our ability 
to handle waste streams. Despite efforts to keep industrial and 
household waste streams separated, as well as not mixing storm 
water and sewage, most solid wastes are mixed, and much of the 
liquid waste is found in combined sewers and open drains. This 
makes recovery and treatment troublesome. However, a paradigm 
shift is clearly underway in the sector dealing with solid waste 
(UN-Habitat, 2010; EC, 2012). In this article, the ongoing para-
digm shift is extended to include the management of all nutrient-
rich wastes, also human excreta and wastewater. The focus is on 
P, and only in passing is nitrogen brought into the picture, while 
appreciating its high economic and environmental impact.

The aim of this study was to illustrate how an extension of the 
solid waste hierarchy to include human excreta and wastewater 
can guide actions to achieve reduced generation and enhanced 
recovery of nutrients. The examples deal with P recovery by 
taking advantage of recent greater availability of data. First, the 
steps of an “extended waste hierarchy” are described. Practical 
examples are given of how the first three steps of management can 
be implemented by three important sectors, i.e., the food indus-
try, households, and waste utilities, and reintegrated with the 
agricultural sector. Finally, in order to understand real barriers 
and opportunities for this approach, an assessment of the current 
EU waste management policy versus actual practice is outlined.

MetHodoLoGy and tHe “eXtended 
Waste HierarCHy”

This article develops a method to operationalize data from mate-
rial flow analysis of the recovery of P nutrients in urban waste into 
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an agricultural resource by transforming the urban sanitation sys-
tem. A systems-based and life cycle thinking approach is applied 
to manage nutrient-rich urban waste flows. Here, an extended 
waste hierarchy is introduced and applied to the handling of both 
solid and liquid nutrient-rich wastes (EC, 2012). Actions begin 
where waste originates, rather than where it ends up. Previous 
main focus on “end-of-pipe” treatment is thus avoided, and initial 
attention goes to controlling the making of products.

The five steps of the “extended waste hierarchy” are as follows:

Step 1: Reduce (a) waste generation and (b) harmful contents in 
products and flows;

Step 2: Reuse the waste more or less as it is;
Step 3: Recycle the waste as input to new products (including 

biogas production);
Step 4: Incinerate to extract the energy content in the remaining 

waste;
Step 5: Safely landfill residues remaining after exhausting the 

previous steps.

Step 1 is the most important step in the hierarchy. Step 1a 
reduces generation of solid and liquid waste containing nutrients, 
and thus, the need to tap mineral nutrient reserves. Perhaps more 
importantly, Step 1b minimizes harmful and unwanted substances 
in products and materials that end up in nutrient waste streams. 
This ensures safer recovery of waste products.

By not mixing various waste streams, it becomes both easier 
and safer to reuse (Step 2) nutrient-rich products right away. 
For example, human urine may be applied directly on farmland. 
Some kind of conversion into a new product is required (Step 
3) if the desired compounds in the waste are not safe or not in 
a state that allows reuse. Such recycling will also save on virgin 
resources.

Incineration of organic waste is the next option (Step 4). 
Incineration is mainly used to reduce the volume of solid waste 
and to recover some energy. Switzerland has mandated such 
recycling of P in ash in a law introduced in 2016. However, 
studies have suggested that when organic waste is incinerated 
at temperatures above 800°C, the amount of plant-available P in 
the ashes decreases (Zhang et al., 2001, 2002). Also, all carbon, 
nitrogen, and sulfur are lost which makes the resulting products 
less valuable for agricultural use. Putting waste on a landfill (Step 
5) should be resorted to only after having exhausted the previous 
four steps. Currently, the most common practices employed glob-
ally for solid waste and wastewater sludge management are Steps 5 
and 4, whereas what is needed for food security is to shift the focus 
toward the first three steps applied to both solid and liquid wastes.

Reduced generation of nutrient-rich waste and enhanced 
recovery of P have wide environmental benefits such as cleaner cit-
ies and reduced eutrophication of water bodies. Also, substantial 
amounts of mine wastes generated as by-products in the mining 
and processing of phosphate rock are avoided. Likewise, green-
house gas emissions from the energy-demanding manufacturing 
of nitrogen mineral fertilizers (often natural gas) are reduced. 
Thus, replacing mineral fertilizers with local fertilizers derived 
from slightly processed nutrient-rich solid and liquid wastes 
produces both environmental and economic benefits (Tidåker 

et al., 2007). Using recovered local fertilizers improves national 
and global food security (Cordell et al., 2009a,b; EC, 2012).

The following sections use the example of P recovery to 
illustrate opportunities for resource recovery through applica-
tion of the first three steps in the extended waste hierarchy. Four 
interdependent sectors play a vital role: industries, households/
eating places, waste handling agencies, and agriculture (EC, 2012; 
McConville et al., 2015). The agricultural sector plays an impor-
tant role as a recipient of urban nutrients and provider of food 
products but is not analyzed here in its own right, as the focus is 
on urban nutrient flows. Food and feed industry has been singled 
out because ever-more food and feed are being pre-prepared, 
and they use P extensively. The only other industry using sub-
stantial amounts of mined phosphate is the detergent industry. 
Households/eating places decide what items to buy and how to 
dispose of them within a given infrastructure. Waste-handling 
sanitation systems manage the big waste flows from urban areas.

potentiaL to reCoVer p in UrBan 
LiQUid and soLid Waste

There is no substitute for P in plants and animals, and accessible 
global resources of phosphate are limited. Thus, there is no reason 
to waste P and endanger food security (Cordell et al., 2009a,b). 
The selection of measures below reflects that they will have an 
impact large enough to be considered in most local circum-
stances. Quantifications of the impact on P of steps 1–3 of the 
extended waste hierarchy are collected from the existing research 
data sources, and the results are indicative. Applying the same 
methodology while using national data with coherent defini-
tions and known local conditions would allow for more detailed 
recommendations (Kabbe et al., 2014; Vallin et al., 2016; Van Dijk 
et al., 2016).

The main sources of nutrients in urban wastes are found in 
excreta, wastewater, and solid organic wastes (Jönsson et  al., 
2012). Human excreta contains some 80 and 60% of the total 
amounts of N and P, respectively, leaving a European household 
(Hellström et al., 2007)—making excreta a critical part of overall 
urban nutrient recovery. For instance, the annual total content of 
nitrogen, P, and potassium in all toilet water in Sweden amounts 
to 20, 50, and 55% of the annually sold mineral fertilizers of 
N, P, and K, respectively, in the country (Jönsson et  al., 2012). 
Such high figures are expected, since the human body essentially 
uses the energy in eaten food while the nutrients are excreted 
(Drangert, 1998).

Creating short and down-sized nutrient loops takes time and 
is likely to require a paradigm shift: from the current focus on 
waste and wastewater treatment to a system of reducing, reus-
ing, and recycling nutrients. In this way, urban and rural areas 
would be gainfully reconnected through an intentional nutrient 
exchange between nutrient-rich urban waste and inputs to food 
production.

step 1: reduce Waste Generation and 
Harmful substances
The potential to generate less nutrient-rich waste (Step 1a) varies 
greatly between countries and social groups and so does use of 
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P additives in food and animal feed (Schoumans et  al., 2015). 
However, the amount of P in detergents is likely to differ little 
between countries.

An important option to generate less nutrient waste is through 
lifestyle changes. A meat-based diet requires about three times 
as much input of P compared to a vegetarian diet. Thus, a reduc-
tion of meat and dairy products in the diet would substantially 
lower the need for mineral fertilizers (Foresight, 2011). However, 
the present dietary trend is to eat substantially more meat and 
dairy products. Also, the kind of meat has a bearing on nutrient 
requirement. The World Bank estimates that producing a kilo-
gram of beef requires three times more grain and oilseeds than a 
kilogram of pork and five times more than chicken meat (cited in 
OCP, 2010; Vallin et al., 2016).

In a global review for FAO, Gustavsson et al. (2011) concluded 
that much more food is wasted in the industrialized world than 
in the developing countries. They estimate that consumers in 
Europe and North America waste 95–115 kg per year per capita, 
while the amount is only 6–11 kg in sub-Saharan Africa and South 
and Southeast Asia. Most losses in high-income countries occur 
at markets and in households, while low-income country losses 
occur mainly at the farm level and during transport to market 
places because of inadequate infrastructure.

Current reporting on food wastes addresses different aspects. 
Gustavsson et al. (2011) estimated that 20–25% of the demand for 
mined P could come from nutrient waste, excluding savings from 
changes in diets. Parfitt et al. (2010) concluded that the available 
data suggest that between 10 and 40% of the total amount of food 
produced is wasted, but data are quite uncertain, and figures up 
to 50% have been cited. Quested and Johnson (2009) estimated 
that about 40% of the household wastage in the UK was due 
to cooking and serving more food than could be consumed. 
A recent study in Sweden estimated that about 20–25% of the 
food wasted in households could be related to packaging, e.g., 
too big and difficult to empty packages (Williams et al., 2012). 
Remedial measures taken by food industry, distributors, shops, 
and households to improve this situation include the following: 
increasing awareness of the quantity of food wasted and money 
lost, improving shopping planning, increasing life span of food 
through proper storage and instructions, and making best use of 
leftovers (JRC, 2011).

In addition, P is widely used as an additive in food as a stabiliz-
ing or preserving agent or to influence taste. It is also used in 
animal feed to enhance growth. Winger et al. (2012) cited several 
studies suggesting that 50% of the daily P intake in the Western 
world is from food additives. At the same time, research has 
shown that added inorganic phosphate salts may have negative 
health impacts ranging from liver problems to fragile bones and 
arteriosclerosis (Calvo and Uribarri, 2013). A sharp reduction in 
the use of additives could lower the demand for mined phosphate 
rock (Schoumans et  al., 2015) and have positive impacts on 
human and environmental health (Vallin et al., 2016).

Since 1950s, manufacturers of detergents have used phosphate 
salts as an active ingredient to remove dirt. In a move to save on 
P resources and reduce eutrophication of water bodies, the EU 
banned the use of phosphates and limited the content of other P 
compounds in consumer laundry detergents from 30 June 2013. 

A global ban on P in detergents would reduce the mining of rock 
phosphate by some 7–8% (Cordell et al., 2009a,b). Manufacturers 
can replace P with harmless zeolite in combination with other 
chemicals such as polycarboxylates, which have the same positive 
washing effect as the phosphate compounds. Therefore, custom-
ers see no difference in washing results.

The recovery rate of nutrients in organic waste and wastewater 
can only be improved if the waste generated is of good enough 
quality (Step 1b), with chemical and pathogen concentrations 
close to or below background levels (Foresight, 2011). However, 
national legislation on chemicals is seriously lagging behind with 
control of new substances entering the market. For instance, the 
EU Chemicals Agency (ECHA) leaves most of the evaluation of 
health and environmental risks to the industry itself according to 
rules outlined in the REACH regulation (ECHA, 2007). ECHA 
estimates that hundreds of new chemical substances are regis-
tered every year and, already after the first preregistration phase 
in 2008, 143,000 chemicals were listed as being used in the EU 
(Hahnkamper-Vandenbulcke, 2017). For example, there are more 
than 3,000 active human and animal pharmaceutical substances 
that may end up in the waste stream (Weiss et al., 2016). Another 
dimension of the problem is the large stocks of metals in current 
urban infrastructures and buildings that will cause long-term 
emissions of potentially harmful compounds such as heavy met-
als that may end up in the organic waste (e.g., Gerst and Graedel, 
2008).

Waste and wastewater utilities are strategically positioned to 
become watchdogs over harmful waste content that hampers 
recovery. Utilities can notify chemical agencies on problematic 
ingredients and thus contribute to reduced use of such com-
pounds (Bergbäck and Jonsson, 2008).

The task to replace harmful chemicals with safer ones or 
with safer alternative technologies not entailing the use of 
such chemicals is formidable (ECHA, 2007). To achieve this, 
Kümmerer (2013) urged that chemicals should be designed to 
comply with both the application and environmental standards 
along their life cycle. There is scope to reduce the number of 
harmful substances and substitute hazardous ones with non-toxic 
ones or fast degrading compounds (Kümmerer, 2007; Bergbäck 
and Jonsson, 2008; Boxall, 2012). The basic design principle for 
a sanitation infrastructure should be to keep both nutrient-rich 
organic waste and excreta (blackwater and urine) separated from 
harmful substances. Then, each flow becomes easier to recover, 
treat, and utilize.

The changed composition of toilet paper illustrates a suc-
cessful example of how waste quality can be improved. In 1990s, 
manufacturers of toilet paper stopped using toxic bleach agents 
(chlorine gas and hypochlorite) to whiten toilet paper and sub-
stituted with the less harmful chlorine dioxide in combination 
with oxygen-based bleaching agents. The intention was to reduce 
environmental damage, but at the same time it improved the 
quality of recovered blackwater and fecal matter and made these 
more suitable for application on soil. Another example is the EU 
ban of Bisphenol A in plastic baby bottles and nappies in 2011. 
Ingestion of this odorless, non-visible, and vaguely hormone-
disturbing substance may contribute to a number of diseases, 
before it is released with the urine and may follow the nutrients 
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back to arable land when recycled. A likely next step is to ban 
some plastic coating materials for food packaging, which releases 
Bisphenol A to its content of, e.g., meat or margarine. Such ban 
would reduce the spread of Bisphenol A along the food chain to 
waste flows.

step 2: Maximum reuse of  
non-processed solid and Liquid  
nutrient-rich Waste
If organic waste and excreta are not mixed with contaminants 
(Step 1b), the nutrients therein can be gainfully recovered and 
used in agriculture with no other treatment than storage for 
sanitizing purposes (WHO, 2006). A novel method to dehydrate 
the urine with wood ash causes a very low loss of nitrogen and 
reduces volume by 90% which minimizes transport costs (Senecal 
and Vinnerås, 2017). An example of direct reuse is to collect urine 
separately from urine-diverting toilets and urinals and apply this 
urine as it is. Treatment of the urine through the specified storage 
period ascertains a very low hygienic risk for farmers and produced 
food items (WHO, 2006). Urine is a balanced fertilizer which can 
conveniently be spread with the same equipment and techniques 
being used for spreading liquid manure. In Ouagadougou, the 
capital of Burkina Faso, over 1,000 urine-diverting toilets have 
been built. A functional system to collect and store urine was 
combined with training of gardeners and farmers in how to 
minimize nutrient losses. The fertilizing value of urine showed 
comparable results to mineral fertilizers, and acceptance levels 
among urban farmers were high (Dagerskog et al., 2008).

Another example of direct reuse is when pigs and chickens 
are fed with discarded vegetables collected separately from food 
markets and food industries. Already sugar factories sell molasses 
waste as animal feed, while abattoirs and fish industries can grind 
preheated bones and sell the bone meal as a phosphate fertilizer. 
However, the use of any animal by-products as animal feed is 
forbidden by EU regulation (EG no 1774/2002) as part of an 
attempt to limit the spread of disease. Processing and treatment 
methods need to be developed in order to guarantee the safety of 
such reuse. With the right certification systems and supporting 
regulations, the food industry would be able to commercialize 
unused materials and production waste for feed and other uses.

The potential is high to reuse nutrients in separated organic 
waste and in wastewater fractions, if the sanitation infrastructure 
is designed for this purpose. Such reuse would reduce harmful 
emissions proportionally.

step 3: Maximum recycling of processed 
solid and Liquid nutrient-rich Waste
Nutrient-rich waste that has not been possible to reuse usually 
requires conversion to different products of which one or more 
can be recycled (Schoumans et  al., 2015). However, treatment 
may significantly alter the composition of nutrients in the liquid 
and solid wastes. For example, composting of organic wastes 
implies that most of the nitrogen is lost through ammonia vola-
tilization, and in wastewater treatment plants microorganisms 
convert ammonium in urine to nitrogen gas (nitrification and 
denitrification).

Japan provides an example of food waste recycling promoted 
by national policy and legislation. Some 20 million tons of food 
waste are recycled each year (METI, 2003; MOE, 2010), and 
most of the recycling is in the form of compost and animal feed 
products. The recycling presents very clear benefits for Japan, 
including a decreased dependence on imported fertilizers and 
animal feed, as well as reduced space for landfills. Japan, like 
most countries, faces a chronic lack of landfill sites. In 2001, the 
Japanese government, therefore, introduced a food recycling 
law under which food-related businesses that discard more 
than 100  tons of food wastes were to recycle at least 20% of 
their refuse by 2006 (MOE, 2001). The law applies to the entire 
food industry, including food production and food-related 
businesses, e.g., retailers and restaurants. In 2007, the rate of 
recycling was already 54% for the entire food industry (MOE, 
2010). However, there are interestingly large disparities between 
the different business categories. Relatively large volumes of 
wastes with stable composition allowed the feed production 
industry to achieve a high recycling rate of 86%. In contrast, only 
40% of the food wastes derived from retailers and restaurants are 
being recycled.

Different wastes have different characteristics and thus differ 
in expected fertilizer effect (EFMA, 2000). For example, Delin 
et al. (2012) found that composted food waste from a hotel gave 
similar wheat yields to chemical fertilizers, but resulted in a 
slightly lower nutrient uptake by the plants. Clear declarations 
of the nutrient content of different kinds of processed waste 
fractions are fundamental to convince farmers and achieve an 
efficient nutrient recycling. In Sweden, for example, the Swedish 
Waste Management Agency issues certification rules for qual-
ity assurance, in which the content of N, P, K, Mg, S, and Ca is 
declared for biofertilizers from anaerobically digested organic 
wastes.

Direct application of P-rich sludge and wastewater on agricul-
tural fields is economically favorable, but environmental concerns 
about possible contamination with undesirable chemicals may 
restrict this recycling practice (e.g., Lundin et al., 2004; Boxall, 
2012). This is a strong argument for the need to reduce the general 
use of harmful substances in manufactured products (Step 1b) 
and to keep some waste flows separate. For example, separate 
pipes for toilet flush water with subsequent treatment allows for 
recycling of the sludge and effluent on agricultural land knowing 
that little heavy metals is added compared to applying mineral 
fertilizers. But operators need to remain vigilant to ammonia 
release (Fidjeland et al., 2013; Spångberg et al., 2014).

Other recycling methods include converting organic waste, 
such as fecal matter and treated sludge, into a multinutrient 
fertilizer product through composting and sanitization processes. 
Alternatively, organic wastes may be digested anaerobically to 
produce methane gas while retaining the nutrients in the digestate 
for agricultural use. Such recycled nutrient inputs often save on 
energy usage in the production and transport of mineral nitrogen 
and P fertilizers.

A renewed interest to increase the nutrient efficiency in meat 
production is to let earthworms or fly larvae process manure and 
organic waste into protein-rich animal feed (Sheppard et al., 1994; 
Lalander et al., 2013). This kind of nutrient recycling is in line 
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with FAO’s aim to increase insect-based food production in order 
to feed the growing global population (van Huis et al., 2013).

prolonged Life of Global p resources by 
recovered Liquid and solid Wastes
The above briefing on P usage is brought together in a comprehen-
sive format in Figures 1 and 2, in order to estimate the potential 
recovery of P resources by applying the three initial hierarchy 
steps. Data from the EU are being used in the calculations below. 
Food waste includes not eaten food, edible materials such as stale 
bread or potato skins, as well as inedible materials such as banana 
skins or egg shells. Excreta are also included since they contain 
most of the P (and N) in urban waste flows. But, P in biode-
gradable paper, board, and wood waste is excluded since these 
flows are already recycled to a large extent for non-agricultural 
purposes. Garden waste is not considered due to a lack of reliable 
data; however, this waste is in practice easily composted and 
recycled on site.

European Union data regarding flows of P-rich wastes are 
steadily improving (Van Dijk et al., 2016) and show that the end-
use of mined P is changing substantially over time (Schmid-Neset 
et al., 2010; Senthilkumar et al., 2012). The purpose of Figure 1 is 
to show the fate of the original input of mined P and to ascertain 
that no savings or deductions are left out or duplicated. The 
calculated values are specifically not concerned with the losses 
“from the P mine to the table,” but only consider the potential 
to save and recover the mined P. The losses are estimated and 

included in the calculations behind the graph in Figure 2. Van 
Dijk et al. (2016) provided P flow and sink data for EU27. Their 
primary data from 2005 show that mined P ends up in: fertilizers 
(78%), feed additives (14%), food additives (2%), and detergents 
(6%), as shown in Figure 1.

Step 1: The EU has recently banned the use of P in detergents and 
therefore the 6% of the mined P can be saved and left 
in the ground (in green). The authors suggest that food 
and feed additives are reduced from a combined 16% to 
2%, assuming that there remains a valid need for some 
additives (Step 1a). Hence, the other 14% can be left in the 
ground. According to Gustavsson et al. (2011) one-third 
of food is not eaten, and a part of the 26% (1/3 of 78%) 
of the mined P that is used to produce this food can be 
saved. The authors propose that it is possible to reduce 
food waste in the EU from the current 33% to 20%,  
e.g., by buying less and eating more of the food that is 
bought and prepared. In this way, approximately 10% 
[(0.33–0.2) of 78%] of the initial input of mined P is saved 
and can be left in the ground.

A change toward more vegetarian diets could save substantial 
amounts of mined P in Step 1a, but is not proposed here because 
such change is deemed difficult to achieve (Foresight, 2011). 
However, arresting the ongoing increased consumption of meat 
and milk products may be within reach.
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Step 2: All eaten food are subsequently excreted, and 33% of the 
excreted P is in the feces and 67% in the urine (Drangert, 
1998). A well-designed city infrastructure can realisti-
cally recover 90% of the P in urine for direct reuse. This 
recovered amount required 31% of current total P. In 
addition, the authors suggest that 30% of the food waste 
remaining after Step 1 (required 5% of the total P) is 
reused directly in Step 2, e.g., as feed for animals.

Step 3: The P in feces or blackwater can—after treatment—be 
recycled in Step 3. With a well-designed infrastructure an 
estimated 90% of the P could be recovered. Furthermore, 
70% of the food wastes remaining after Step 2 could be 
recycled in Step 3 (required 8% of the current total P).

In the abovementioned case, the same amount of food is eaten, 
and diets remain the same and are not affected by measures in 
Steps 1, 2, and 3. Given the assumptions for each step in Figure 1, 
Figure 2 shows how the potential to save/recover P and to use this 
to substitute part of the currently mined P.

The lowered wastage of food in Step 1 results in a 10% reduced 
need for P in food production, from 78 to 68%. The saved P in 
Step 1 can therefore be made available to substitute 44% [30/
(78–10)] of the P needed for today’s level of eaten food (and less 
food waste). Alternatively, this P could be used for increased food 
production or be left in the ground to extend the lifetime of mines.

The actual recovered amount of P in Steps 2 and 3, on the 
other hand, depends on the P-efficiency or rate of losses from 
mine to plate. Such losses are country specific in a wide sense 
and related to the kind of crop, soil, farming method, animal 
husbandry, transportation, storage, handling, food industry, etc. 
(Malingreau et al., 2012; Nykvist et al., 2013; Vallin et al., 2016; 
Van Dijk et al., 2016). Van Dijk et al. (2016) estimated that for 
each 1 kg of P output in food required an input of 4–6 kg of mined 
P; in other words, the P-losses from mine to plate are in the range 
of 75–85%. These differences in losses are captured in Figure 2, 

and in most countries the rate is likely to be in the range indicated 
by the dashed box.

With an assumed loss from mine to plate of X%, the amount 
of P recovered through reuse and recycling in Steps 2 and 3 are 
as follows:

Step 2: Saved P in urine given same food intake with a 90% 
recovery rate 31 ×  (100 − X)/100 +  saved P in reused 
food waste (30% of remaining) 30  ×  (26  −  10)/100  ×  
(100 − X)/100 = (31 + 5) × (100 − X)/100 U.

Step 3: Saved P in feces given same food intake with 90% recov-
ery rate 16 × (100 − X)/100 + saved P in recycled waste 
(70% of remaining) 70 × (26 − 10 − 5)/100 × (100 − X)/
100 = (16 + 8) × (100 − X)/100 U.

The measures in Steps 1–3 have a major impact on the need to 
mine P irrespective of what assumptions are made about recovery 
rates. The smaller the losses are from mine to plate, the more can 
be recovered and replace mined P. Figure 2 shows that measures 
in Step 1 have the greatest impact and are essentially independent 
of P-losses from mine to table, while providing the same amount 
of eaten food. Figure 2 also shows that if, for example, the P-loss 
is 60% from mine to plate, then only 32% of the currently mined P 
is needed for the food production. The rest of the currently mined 
P (68%) is substituted by recovered P and can be left in the ground 
for future needs. If the P-loss is 80% instead, still only about 43% 
of present-day mining is required.

This saving occurs each year. Therefore, food production is 
secured and the easily available global P resource will last two 
to three times longer, and the transgression of the planetary P 
resource boundary is delayed by several hundreds of years. This 
is a major reason for the EU to engage in recovery of resources 
and become a recycling society.

Incinerating all organic wastes (Step 4) instead of the above-
mentioned measures in Steps 2 and 3 could also substitute mined 
P. Zhang et al. (2002) found that 29–46% of the total P in different 
ashes from combustion was in plant available form. This indicates 
that incineration will recover less P than reuse and recycling and 
lead to a permanent loss of most organic material.

Challenges are likely to appear when trying to reap the 
potential gains described in Figure 2. The next section deals with 
experiences from the EU when embarking on redesigning mainly 
urban sanitation systems to become a recycling society.

ManaGeMent oF nUtrient-riCH 
Waste in tHe eU ConteXt

Solid and liquid waste management has been on the EU agenda 
since its inception in 1960s. For instance, the revised EU Waste 
Framework Directive of November 2008 seeks to position the EU 
as a “recycling society,” with broad aims “to avoid waste generation 
and to use waste as a resource” (EC, 2012:13). The Directive intro-
duced a five step “waste hierarchy” putting the highest priority on 
waste prevention.

The EU Parliament (EUP) requested its Commission (EC) 
to produce a proposal on sustainable use and management of 
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natural resources and wastes already for the environmental pro-
gram for 2001–2010. However, the EUP noted that “even eight 
years later no legislative proposal has been forthcoming, which is 
unacceptable” (EUP, 2011:53). The EUP resolution sets out the 
steps to make the EU a flagship recycling society, with a simplified 
harmonized legislation between all sectors (EUP, 2011:50). This 
resource-effective recycling society was to be based on a solid 
waste hierarchy, the precautionary principle, and lifecycle think-
ing to protect human and environmental health (EC, 2011a). The 
EU roadmap for 2011 set “aspirational targets” and visions to 
be achieved by 2020: “Waste generated per capita is in absolute 
decline. Recycling and re-use of waste are economically attractive 
options for public and private actors due to widespread separate 
collection and the development of functional markets for secondary 
raw materials. More materials, including materials having a sig-
nificant impact on the environment and critical raw materials, are 
recycled. Waste legislation is fully implemented. Illegal shipments 
of waste have been eradicated. Energy recovery is limited to non-
recyclable materials, landfilling is virtually eliminated and high 
quality recycling is ensured” (EC, 2011a:5). More than half-way 
through the timeframe for achieving the vision, it is worth a look 
at how well the policy is being put into practice.

solid and Liquid Waste Generation and 
disposal in the eU
European Union statistics on management of municipal solid 
and liquid wastes is fragmented and rarely singles out nutrient 
content. Figure  3 provides an overview of various treatment 
activities for municipal solid waste. The per capita volume in 2014 
is about the same as in 1995, but since 2008 there has been a 10% 
reduction in waste volumes. Over the 20-year period, landfilling 

(Step 5) has decreased by about 55%, while incineration (Step 
4) has doubled, composting tripled, and recycling (Steps 2 + 3) 
nearly tripled. These achievements fall short of the road-map 
targets, in particular since more than half is still being incinerated 
or landfilled. Furthermore, an estimated 60–70% of the municipal 
solid waste is biodegradable, more than half of which is wasted 
on landfills (EC, 2010b). Despite the EU ban on landfilling of 
organic waste, 40% of the bio-waste was still landfilled in 2010 
(EC, 2010b).

Eurostat provides data on the kind of waste that is handled. 
Biowaste comprises “biodegradable garden and park waste, food 
and kitchen waste from households, restaurants, caterers and 
retail premises, and comparable waste from food processing 
plants.” It excludes forestry residues, manure, natural textiles, 
paper and related products, sewage sludge, as well as by-products 
of food production that never become waste. Biowaste accounts 
for more than 30% of solid urban waste or 118–138 Mt annu-
ally (EC, 2010b). Furthermore, 42% of food waste originated 
from households (average 76  kg per capita), 39% from food 
processing, 14% from food service/catering, and 5% from retail/
wholesale (EC, 2010a). The Waste Framework Directive (EC, 
2008a,b) encourages Member States to collect biowaste separately 
since such waste is considered free of pollutants and needs to 
be regarded as a valuable natural resource that can be used to 
produce quality compost.

Human excreta constitute a case in its own right, and in no 
shape is it considered part of biowaste by the EU. Urine and 
fecal matters are not regulated separately by the EU, apart from 
being banned in organic farming. The EU has yet to consider 
the World Health Organization Guidelines on reuse of treated 
urine and fecal matter in agriculture (WHO, 2006), where WHO 
applies a combination of risk assessment and risk management 
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to control both water-related diseases and exposure/spread of 
potentially harmful chemicals and pathogens. On the other hand, 
the EU deals extensively with sewage containing excreta. Modern 
treatment plants are designed to take care of nutrients in excreta 
by separating P into the sludge, while other nutrients such as 
nitrogen and potassium remain dissolved in the effluent.

Sewage sludge is governed by the Sewage Sludge Directive 
(1986) which encourages application on agricultural fields. This 
Directive (EC, 2013) seeks to regulate the quality and use of sew-
age sludge. It provides values of allowed concentrations of heavy 
metals in the sludge and the maximum annual quantities of heavy 
metals to be introduced into soil intended for agriculture, given 
the prior concentrations of heavy metals in soils to which sludge 
is applied. Since the directive was adopted, several Member States 
have enacted and implemented stricter limit values for heavy 
metals and set requirements for other contaminants as well to 
reduce potential human health and environmental risks. Septic 
tank sludge is classified as waste (code 200304) and is governed by 
the Waste Water Directive which allows it to be used in agriculture 
subject to any conditions by the Member State.

Milieu Ltd and others estimated that “sludge contributes less 
than 5% of the total amount of organic manure used on land (most 
of which is of farm animal origin), and sludge is applied to less than 
5% of agricultural land in the EU” (Milieu Ltd, WRC, and RPA, 
2008:4). In three EU27 Member States, no sludge is recycled to 
agriculture, and four other Member States recycle less than 5% 
of their total sludge production. However, Milieu Ltd and others 
expected sludge management methods to change between 2010 
and 2020 as follows: recycled to land from 42 to 44%, incinera-
tion from 27 to 32%, landfill down from 14 to 7%, while other 
methods remain at 16%.

eUp environmental policy versus a 
published practical Guide
In 2010, the EC reported on the progress of its 10-year program 
toward strategy flagship status (EC, 2011b) and found large 
implementation and enforcement differences between Member 
States and also that “the Strategy has played an important role 
in guiding policy development. Significant progress has been 
achieved on a number of fronts, particularly in the improvement 
and simplification of legislation, the establishment and diffusion of 
key concepts such as the waste hierarchy and life cycle thinking, 
on setting focus on waste prevention, on coordination of efforts to 
improve knowledge, and on setting new European collection and 
recycling targets” (EC, 2011b:7).

Based on such experiences, the new EU environmental strat-
egy will set minimum standards for recycling activities in order to 
ensure the proper functioning of the internal market for recycling 
and spreading good practices across the EU, particularly for bio-
waste derived products (EC, 2011b). With full implementation 
of existing regulations, the EC anticipates that recycling of solid 
waste would increase from 38% in 2008 to 49% in 2020. So far, 
there is no corresponding goal or commitment for biowaste or 
organic waste.

The EUP states that biowaste can contribute to combating cli-
mate change by recycling this waste into compost, to improve soil 

quality, and to achieve carbon sequestration. However, the EUP 
remarks that this is not currently promoted by the Directive on 
Electricity Production from Renewable Energy Sources, which 
encourages biowaste to be used to replace fossil fuels and thus 
“actually indirectly encourages incineration” (EUP, 2011:51).

The EUP called on the EC to elaborate on an improved system 
for the management of bio-waste regarding “the recycling of sepa-
rately collected bio-waste, the use of composting for agricultural and 
ecological benefit, the mechanical/biological treatment options, 
and the use of bio-waste as a source for generating energy” (EUP, 
2011:53). The EUP deems anaerobic digestion to be especially use-
ful for biowaste because it yields nutrient-rich soil improver and 
the renewable energy source biogas. Furthermore, the Parliament 
wants the Commission to use the impact assessment as a basis 
for preparing a new EU legal framework on biodegradable waste. 
In addition, the Parliament asked the EC to consider that treated 
biowaste should be used to conserve organic matter to preserve 
soil productivity, increasing the soil’s water retention and carbon 
storage capacity, and complete nutrient cycles, especially for 
phosphate, by recycling it into the soil.

The EC commissioned the EU Joint Research Center (JRC) 
to address the abovementioned policy guidelines on biowaste. 
The result was the report “Supporting Environmentally Sound 
Decisions for Bio-Waste Management—A practical Guide to 
Life Cycle Thinking and Life Cycle Assessment” (JRC, 2011). 
The Guide states, initially, that “recycling measures suffer from 
the waste being easily contaminated, being unstable and having a 
variable moisture level, and generally being a source of nuisance” 
(JRC, 2011:15). These recognized problems are addressed only 
for composting and anaerobic treatment processes. As will be 
shown in the following examination of the five steps of the waste 
hierarchy, the Guide frequently ends up indirectly promoting the 
incineration solution.

The Guide deals briefly with waste prevention (Step 1a), the 
most prioritized method by the EUP and makes the following 
remark: “One of the reasons bio-waste prevention may not be 
beneficial for the environment is that bio-waste management can 
lead to the production of energy and compost. Use of these recovered 
materials and energy can avoid the consumption of other resources 
including fossil fuels and other emissions to the environment that 
may, in some cases, otherwise be necessary. This explains why in 
some cases preventing bio-waste generation may not always be 
beneficial for the environment. Chapter 3.2.2 expands on the envi-
ronmental consequences of bio-waste prevention” (JRC, 2011:15). 
The Guide does not, however, return to this issue in Chapter 3.2.2.

The EC Roadmap to a Resource Efficient Europe addresses 
Step 1b by writing “avoiding, wherever possible, the use of danger-
ous chemicals and promoting green chemistry to help protect key 
resources like soil and water, and making materials and nutrients 
safer, and easier and less costly to recycle and reuse” (EC, 2011a:6). 
The Guide avoids this challenge and stresses instead the need to 
keep biowaste separate from harmful chemicals. But the Guide 
does not make use of other directives such as the Eco-design 
Directive, which applies life cycle thinking to product design to 
optimize their environmental performance, while maintaining 
their functional qualities (Directive 2009/125/EC). Applying this 
line of thinking to food products and medicines would have the 
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potential to contribute to a safer recycling of nutrients in urban 
waste.

On several occasions, the Guide makes statements about the 
inappropriateness of recycling methods (Steps 2 and 3) without 
making a distinction between inputs of clean separated biowaste 
and mixed inputs. An example relates to compost and digestate 
and the Guide states that “bio-waste may possess characteristics 
that require appropriate solutions for its management” with no 
mentioning of what that refers to JRC (2011).

The EU goal is to only incinerate what cannot be recycled 
(Step  4). However, incineration has been on the rise, even for 
sludge (Milieu Ltd, WRC, and RPA, 2008). Today, there is an 
overcapacity of incinerators in some European countries, and 
an increasing share of all waste is incinerated in sharp contrast 
to the EU policy objective. Given the high investment cost for 
incinerators, they are likely to be in operation for many decades 
and create a technology lock-in effect and retard the implementa-
tion of a recycling society. However, the Guide reports no negative 
effects related to incineration. There is, for instance, no mention of 
potential problems connected with the process, such as fly ashes 
occasionally escaping the exhaust gas cleaning system, or the 
content of metals and salts in slag and ashes. Or more importantly, 
there is no mentioning that waste incineration permanently 
withdraws valuable resources (N and carbon) from the nutrient 
cycles. Instead, the Guide suggests that ashes can be disposed of 
in multiple productive ways (roads, bunds, etc.) without leaching 
to the groundwater. Nowhere does the Guide suggest similar 
alternative end-uses of recycled polluted compost or digestate.

The Guide notes that the landfill option (Step 5) is against the 
EU biowaste policy. However, the Guide states that “new technolo-
gies reduce the duration of active operation required at the landfills. 
In addition, active landfill technologies (i.e. leachate recirculation, 
waste flushing and air injection) often use the collected gas for 
electricity and/or heat generation, thus bringing environmental 
benefits compared to older technologies (the overall environmental 
value changes according to the efficiency of energy recovery)” (JRC, 
2011:30). After having planted this rather positive evaluation of 
new landfill technologies, the Guide continues “However, it should 
be stressed that landfilling of biodegradable waste is an option that 
can only be employed as an interim solution” (JRC, 2011:30).

The abovementioned discrepancies between the EC Guide 
and EUP policy statements indicate the need for a joint focus of 
the legislative and executing powers. The EC Guide explores and 
makes full use of the Waste Framework Directive (2008) exemp-
tions to detract from EUP policy recommendations. The exemp-
tion states “Member States may depart from this hierarchy for 
specific waste streams, if this is justified by life cycle thinking on the 
overall environmental impacts of the different waste management 
options” (JRC, 2011:13). The EC progress report (2011) on the 
strategy of prevention and recycling of waste concludes by stating 
“Without further and complementary initiatives, opportunities will 
be missed to reduce greenhouse gas emissions and environmental 
impacts in general, create jobs and meet the future demands for 
resources” (EC, 2011b:7). Thus, it appears that policy has yet to 
have a strong bearing on practice. Without a stronger policy 
to practice link, the long-term objective to become a recycling 
society will remain a vision.

The quantitative impacts of measures in Steps 1–3 presented 
in Figure  2 provide a strong support for the EUP policy and 
strategy. The underlying systems’ thinking deals with detergents 
and P-additives and provides low-cost improvements of P effec-
tiveness. Figure  2 also indicates potential quantitative impacts 
of contributions from the agricultural sector as well as mining 
and food industries to lower the need to mine P for fertilizers. 
These measures also save most other macro- and micronutrients 
and organic material in food waste and human excreta. A lower 
recovery rate for P in Steps 2 and 3 can be achieved by incin-
eration, but in this case all other useful macronutrients (except 
K) and humus will be lost. The economic value of losses of N is 
about 10 times higher than the value of recovered P. Therefore, it 
is costly and irreversible to feed incinerators with food waste and 
excreta/sludge.

CritiCaL issUes For nUtrient-
eFFeCtiVeness in seCUrinG Food 
prodUCtion

For the first time in history, global sustainable resources use and 
food security set the scene for the sanitation sector. Supportive 
guidelines and coherent policy documents are needed to over-
come knowledge and perception barriers in order to improve 
nutrient resource effectiveness within key sectors. Many of these 
issues deal with anchoring the guidelines, legitimizing actions, 
and mitigating negative impacts. As shown for the EU, such 
policy work is time-consuming, and much pressure is needed for 
successful implementation. Step 1b can illustrate this point. No 
one is opposed to reducing pathogen content in waste, but there 
may be strong vested interest to resist reduction or substitution 
of toxic chemical substances in products (EC, 2007). Overcoming 
this resistance may require a range of measures taken by different 
actors, such as research cooperation with industries, ecodesign, 
improved product standard and legislation, ban on certain prod-
ucts, market intervention, and consumer boycotts.

Today, perceptions may form a stumbling block for transfor-
mation. Legislation sometimes directly or indirectly discourages 
nutrient reuse and recycling. For example, the term biowaste 
excludes human excreta, clean sludge, and animal manure. 
Human urine and feces are currently not permitted by the EU 
regulation for organic farming, which means that farmers cannot 
be certified as organic farmers if they use human urine. At the 
same time, EU allows manure (which contains large amounts of 
medical and hormone residues) and, sometimes, untreated sludge 
to be incorporated in agricultural soil (EC, 2007; ECHA, 2007). 
Therefore, exclusion of human excreta is likely to be a cultural 
construction rather than a scientific distinction. The authors per-
ceive human excreta as a nutrient-rich organic resource with an 
elevated concentration of pathogens, higher than what food waste 
usually contains (UN-Habitat, 2010). Yet, treatment standards 
exist for removing these pathogens and reducing associated risks 
(WHO, 2006). Current legislation needs to be reviewed to ensure 
that it does not prohibit nutrient reuse/recycling or makes such 
practices difficult.

Policy-makers and others need to appreciate a range of trade-
offs affecting decisions involving the food supply and ecosystem 
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services. Life cycle and system perspectives help to balance 
various impacts to achieve best possible nutrient effectiveness. 
EU policies show that there is scope to develop new regulations 
and management models that could promote productive end 
use of sanitation sector products, improve quality control, and 
improve linkages between the sanitation and agriculture sectors. 
The extended waste hierarchy and life cycle thinking serve the 
dual purpose to enhance sustainability of nutrient resources and 
to improve global food security. Applying the hierarchy in this 
way can assist stakeholders to identify wasteful handling of nutri-
ents in urban waste and to suggest measures to better manage 
those nutrients (McConville et al., 2015).

A systems thinking approach can provide substantial inputs 
for problem-solving to ensure food security. In our chemical soci-
eties, the long-term affordable solution to securing good-quality 
solids, sludge, and urine/feces/blackwater is to design systems 
that avoid mixing flows. Just like polluting industries today have 
to collect their sewage in separate sewers and treat it separately, 
households should also dispose of polluted greywater (often 
containing more varied chemical composition than industrial 
wastewater) in a separate sewer and treat it separately.

Proposals to change infrastructure are inherently open to criti-
cism concerning costs and acceptance. The authors take the long 
view that appropriate collection and recycling sanitation systems 
for solid and liquid waste are affordable in new urban develop-
ments, while some measures can wait till it is time to retrofit anyway 
in already built up areas. In the case of EU, a large number of new 
buildings will be built in the next generation, and large stretches 

of worn-out sewer lines need replacement. If an extra pipe for 
excreta is laid at the same time, a high-quality nutrient waste will 
be available at low cost in the future. Refurbishment of the existing 
houses, in particular bathrooms, are ongoing and if separate pipes 
for urine or blackwater are legally required from now, the total cost 
for an alternative sanitation system will be reasonably low.

At a global level, the situation is even more favorable. Now 
is a window of unprecedented opportunity to design sustain-
able urban infrastructure since houses and infrastructure for 
an additional 5.5 billion urban residents in the 21st century 
have not yet been planned. If embarked on now, two-thirds of 
the world population will have sustainable waste management 
systems at the end of the century without additional investments. 
A win–win situation is present, providing both food security and 
reduced harmful emissions to air, water, and soil.
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